AD-A050  097 


UNCLASSIFIED 

I Of 

AOA 

060097 


NAVAL  RESEARCH  LAB  WASHINSTON  0 C F/6  EO/B 

A PRELIMINARY  STUDY  OF  AEROSOL  INITIATED  C02  LASER  PRODUCED  AIR-^TC(U) 
NOV  77  J R ARElft*  R E PEtHACEK*  R F FERnSLER 


MRL-MR-36A7 


SBIE'AD^OOO  077 


AD  A 050097 


NRL  Memorandum  Report  3647 


A Preliminary  Study  of  Aerosol  Initiated  CO2  Laser 
Produced  Air  Sparks  and  Their  Ability  to  Guide 
Electrical  Discharges 


J.  R.  Greio,  R.  E.  Pechacek,  R.  F.  Fernsler 
I.  M.  ViTKoviTSKY,  A.  W.  DbSilva  and  D.  W.  Koopman 


Experimental  Plasma  Physics  Branch 
Plasma  Physics  Division 


November  1977 


NAVAL  RESEARCH  LARORATORY 
WMliiivtM,  D.C. 


Approved  for  putilic  icIcaK:  disirttiMMn  iMiliimIcd. 


security  classification  of  this  pace  (Whti  Dmf  Enl0fd) 


REPORT  DOCUMENTATION  RAGE 


It  REPORT  number 


2.  GOVT  ACCESSION  NO. 


NRL  Memorandum  Report  3647 


. ^/^IWELIMINARX^UDY  OF^AEROSOL  INITIATED 
^Ji^EILPRODUCED^IR^PARKS  AND,jrHEIR  ABILITY 
/ TO  GUIDE  ELECTRIC AlIdISCHARGEsT 

-Sp- 


read INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


ipienT's  catalog  number 


’A  PERIOD  COVERED 

nterim  repart,  a contimrilig 


''  J.  R./Gr?ig,  R.  E.jPechacek,  R.  F. 
jVitkovifaky,  A.  W./DeSilva'|  and  1 


It  performinAorganization  name  and  address 


Naval  Re  search  Laboratory 
Washington,  D.  C.  20375 


III.  controlling  office  name  and  address 


Office  of  Naval  Research 
Ariington,  Virginia  22217 


I U MONITORING  agency  N AMS-B-SLPORES 


e.  performing  org.  report  number 


t.  contract  or  grant  NUMBERr*! 


10.  PROGRAM  element.  PROJECT,  TASK 
AREA  t WORK  UNIT  NUMBERS 

4CU  '.u  drt* 

NRL  Problem  Hd2-52 


lie.  distribution  statement  (o!  thit  Report) 


ADproved  for  public  release^istributioii  wilimiteQ. 

17.  DISTRIBUTION  STATEMENT  (ot  th%  «b«(r«e(  •n(«r«d  In  Block  20.  It  dllforonl  from  ^CJUO 


ilrJiissiii!nn! 


|l|ll»Sl!a!l!l 


I II  supplementary  notes 


Portions  of  this  work  were  presented  at  the  IEEE  International  Conference  on  Plasma  Science, 
Rensselaer  Polytechnic  Institute,  Troy,  New  York,  May  1977,  paper  2D8. 

*NRL-NRC  Post  Doctoral  Research  Associate  (Continues) 


|19.  key  words  (Conttn 


•ary  and  fdonrlfy  by  btock  numbor; 


High  power 
Aerosol 

Air  breakdown 


Electrical  discharge 
Guiding 


20.  attract  fConfinuo  on  rovoroo  old*  ff  nocoooary  and  Identity  by  bioek  numborj  ~ 

The^me  development  of  air  sparks  initiated  on  aerosols  near  the  focal  region  (f  - 3m)  of  a 
1 kJ  CO2  laser  beam  has  been  studied.  The-apark  at  each  aerosol  produjted  a shock  wave  that 
expanded  spherically  at  approximatelyV^  X 10^^  cm/sec  during  the  tail  of  the  laser  pulse. 

In  time  these  spherical  waves  coalesced  forming  a turbulent  cylindrical  column  from  which  a 
cylindrical  blast  wave  separated.  The  turbulent  cylindrical  region  was  nearly  staUonary  (>  100 
jiw^time  scale)  and  was  able  to  conduct  electrical  streamers  at  greatly  enhanced  velocities,  * 
KvC’i'O^j^-  (Continues) 


DD  1473 


EDITION  OF  I NOV  61  IS  OBSOLETE 
S/N  0l02-ai4-660l 


SECURITY  CLASSIFICATION  OF  TniS  PAGE  r*>Mn  I 


18.  SupplemenUiy  Notes  (Continued) 


t^nnanent  address.  Department  of  Fhysia  and  Astronomy,  Univeitity  of  Maryland,  College  Park, 
Maryland  20742. 

f Permanent  address.  Institute  for  Physical  Science  and  Technology,  University  of  Maryland,  College 
Park,  Maryland  20742. 

20.  Abstract  (Continued) 

^ ('^  5 X 1^  cm/sec>  at  times  u long  as  me  ndlUsecond  after  the  laser  pulse. 


S'oooKVe^i 


\ 


U 

MCueiTV  CLAttiriCATION  or  this  e*OCreSM>  at*  tnlmnt) 


1 


CONTENTS 

I .  INTRODUCTION  

II.  RESULTS  AND  DISCUSSION  . . 

III.  CONCLUSION  

IV.  ACKNOWLEDGMENT  , 

V.  REFERENCES  


iii 


I 


^ ^ - - -.1 


□ □ 


A PREUMINARY  STUDY  OF  AEROSOL  INITUTED  CO,  LASER  PRODUCED 
AIR  SPARKS  AND  THEIR  ABIUTY  TO  GUIDE  ELECTRICAL  DISCHARGES 


I.  Introduction 

The  effectiveness  of  aerosols  In  lowering  the  threshold  Intensity 
for  laser  radiation  breakdown  In  air  has  been  well  established.^'^’ ^ 
Particles  In  the  size  range  of  one  or  two  microns  reduce  the  breakdown 
threshold  by  an  order  of  magnitude  below  experimental  and  theoretical^ 
values  obtained  for  particle-free  air  (~  10^°  watts/cm^).  Larger 
particles  (~  100  ^m)  and  longer  laser  pulse  lengths  (~  30  ^sec)  reduce 
the  breakdown  threshold^  to  as  little  as  ~ 10°  watts/cm^.  As  a result 
of  these  aerosols,  a high  power  laser  and  a long  focal  length  lens  are 
able  to  produce  chains  of  laser  breakdown  sparks  over  distances  up  to  60 
meters. This  report  describes  recent  experimental  data  on  the  evolu- 
tion of  Individual  laser  sparks  Into  a cylindrical  channel,  and  the 
ability  of  this  channel  to  guide  electrical  discharges. ° 

II.  Results  and  Discussion 

The  experiment  was  conducted  as  follows:  A chain  of  laser  sparks 
was  produced  by  a one  kilojoule  CO2  laser  pulse*  (100  nsec,  FWHM,  Ini- 
tial spike  followed  by  a 1.5  ^sec  tall)  that  was  focussed  In  air  by  a 
3.0  meter  focal  length  germanium  lens  (Figure  1).  At  a predetermined 
Interval  after  the  leading  edge  of  the  COg  laser  pulse,  the  expanded 

beam  from  a Q-swltched  ruby  laser  (20  nsec  half  width)  was  transmitted 
Note:  Mantucript  mibinlttod  October  SI,  1977. 


through  the  chain  of  sparks  near  the  focus  of  the  germanium  lens  and  re- 
corded photographically,  either  as  a Schlieren  record  or  as  a holographic 
Interferogram.  This  region  was  also  observed  using  time- Integrated 
photography,  fast-framing  and  streak  photography,  and  emission  and  ab- 
sorption spectroscopy.  Individual  aerosol  initiated  sparks  were  cre- 
ated where  the  incident  laser  power  density  was  ~10®W/cm^  in  the  spike 
of  the  laser  pulse  or  lO^W/cm^  in  the  tail  of  the  pulse. 

Figure  2 is  a set  of  Schlieren  photographs  taken  at  progressively 
later  times  after  the  initiation  of  the  COg  laser  pulse.  The  photo- 
graphs show  how  the  initial  development  of  spherical  shocks  from  many 
exploding  aerosols  evolved  into  a single  cylindrical  shock  surrounding 
a nearly  stationary  core.  For  about  the  first  1.2  M'Sec,  which  was  dur- 
ing the  CO2  laser  tail,  many  of  the  individual  sparks  maintained  their 
identity  well  enough  to  permit  measurements  of  radius  as  a function  of 
time. 

There  was  a spread  in  the  shock  radii  at  any  given  instant,  as 
shown  in  Figure  3,  which  indicates  a spread  in  shock  velocity  or  time 
of  formation.  With  the  single  assumption  that  the  time  of  formation 
varied  up  to  ~ 200  nsec,  which  is  consistent  with  streak  and  framing 
camera  results,  almost  all  of  the  measured  spherical  shocks  can  be  plot- 
ted on  the  graph 

r.A(T)-'^®,  (1) 

where  A > 7000  in  CGS  units.  In  this  expression  T,  which  is  given  by 


k 

E 


T • t - At, 

is  the  age  of  an  individual  laser  spark,  and  At  is  the  time  after  the 
beginning  of  the  CO2  laser  pulse  at  idilch  this  spark  is  assumed  to  have 
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been  created.  The  r-t  relationship  of  Eq.  (1)  Is  very  different  from  that 
of  the  spherical  blast  wave, 

r~  (E^/Po)*^f\ 

where  is  the  atmospheric  density  and  E^  is  the  shock  energy,  but  is 

consistent  with  results  obtained  by  Lencionl  and  his  colleagues^’^’^ 

both  on  large  carbon  particles  and  on  glass  fibers.  (This  same  type  of 

expansion,  r ~ t*®,  was  also  observed  by  Daiber  and  Thompson^  under 
very  different  experimental  conditions.)  Eq.  (1)  implies  that  all  the 

laser  sparks  expanded  in  a similar  manner,  and  that  during  their  expan- 
sion they  absorbed  energy  from  the  tail  of  the  COg  laser  pulse. 

As  pointed  out  by  Lowder  and  Kleiman®  expansion  with  r ^ t*®  im- 
plies that  the  energy  contained  in  each  laser  spark  varied  as 


E ^ q (t)  dt  t* 


q(t)  ~ t 

where  q(t)  is  the  rate  at  which  energy  was  being  absorbed  at  time  t.  At 
the  same  time  the  nearly  spherical  expansion  Implies  that  the  absorp- 
tion was  relatively  weak  and  nearly  constant  around  the  surface  of  the 
sphere . 

Interferometric  holograms  of  these  expanding  spherical  shocks  are 
not  readily  analyeable.  Because  of  the  use  of  only  a single  wavelength 
(69^3  A ) , it  is  not  clear  whether  fringe  shifts  were  due  to  electrons 
or  neutral  molecules.  Then,  because  of  the  smallness  of  the  spheres, 
the  sharp  discontinuity  at  their  surface,  and  the  quality  of  the  inter- 
ferograms,  there  is  uncertainity  in  the  actual  else  of  the  fringe  shift. 
Despite  these  limitations,  the  Interferograms  are  in  most  cases,  con- 
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slstent  with  the  model  of  these  expanding  spheres  as  being  a shell  of 
increased  density  (several  times  atmospheric  density)  surrounding  a 
region  of  reduced  density.  This  model  is  consistent  with  the  Schlieren 
data  where  at  1.2  (isec  and  2.0  ^sec  a distinct  shell  can  be  seen  around 
each  laser  spark  (R/AR  ~ 7) • La  plane  shock  in  air  with  velocity  2 X 
10^  cm/ sec  would  have  a density  behind  the  shock  of  and  temperature 
2400° K.^^] 

Time-integrated  emission  spectra  of  the  laser  sparks  show  that  they 
were  of  two  distinct  types.  One  has  a continuous  spectrum  through  the 
visible  region,  somewhat  characteristic  of  a hot  filament  or  carbon  arc 
anode.  The  other  shows  a line  spectrum  characteristic  of  Oil  and  Nil. 
However,  the  lines  in  these  spectra  are  rather  broad  1 - 4 A°).  Pre- 
sumably the  latter  spectra,  although  time  integrated,  relate  to  the 
sparks  seen  on  the  streak  and  framing  cameras  to  last  < 0.2  p,sec.  Then 
the  line  broadening  must  have  been  due  to  plasma  Stark  effects^^  and  in- 
dicates electron  densities  in  the  range  0.^-1  X 10^°  cm  The  electron 
temperature  must  have  been  several  electron  volts  to  produce  the  observ- 
ed first  ion  spectra.  The  continuous  spectrum,  on  the  other  hand,  may 
be  indicative  of  a low  level  of  light  emitted  over  a much  longer  time 
scale  (perhaps  milliseconds)  characteristic  of  glowing  solid  particles 
which  have  frequently  been  seen  in  this  type  of  experiment.^* 

Detailed  comparison  of  the  aerosol  initiated  laser  sparks  with 
theory^^  la  difficult  because  we  do  not  know  the  actual  laser  intensity 
at  different  positions  along  the  spark  chain.  Calorimeter  measurements 
show  that  approximately  20^  of  the  laser  energy  was  transmitted  throu^ 
the  chain  of  sparks.  But  streak  camera  records  of  the  luminosity  of 
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Che  sparks  (Figure  4) , show  Chat  although  breakdown  occurred  ItnmedlaCely 
(<  10  ^ sec)  in  the  region  near  Che  focus  (l.e.,  where  records  shown  In 
Figure  2 were  taken),  breakdoim  did  not  occur  until  after  the  Initial 

laser  spike  at  places  > 30  cm  away  from  focus.  Another  unusual  feature  I 

( 

of  this  experiment  Is  that  because  Che  laser  beam  was  large  (focal  spot  I 

diameter  2 cm)  the  expanding  laser  sparks  were  always  fully  bathed  In  ^ 

laser  radiation.  Thus  radiation  thresholds'^  caused  by  loss  of  plasma 
(energy)  out  of  Che  laser  beam  do  not  apply. 

It  Is  perhaps  Interesting  to  reverse  Che  process  and  observe  that 
the  measured  radial  velocities  (^  2 X 10®  cm/sec)  when  equated  to  the  ! 


Ralzer  veloclty^^’ correspond  to  laser  Intensities  of  < 10®W/cm®  If  we 
use  a value  of  v * 1.33  for  alr.^®  Bearing  In  mind  that  the  power  den- 
sity In  the  Ralzer  formula  Is  Chat  absorbed,  this  value  Is  consistent 
with  the  estimated  laser  Intensity  In  Che  focal  region  after  allowing  i 

for  ~ 80^  absorption  of  2 X lO^W/cm^  during  the  tall  of  the  laser  pulse. 

Despite  Che  differences  between  the  two  experiments  there  Is  a i 

great  similarity  between  the  Interferometric  and  shadowgraph  results  pre- 
sented by  Maher  and  Hall^^  from  laser/solid  target  Interactions  and  our  ' 

own  results.  In  particular  results  presented  in  Figures  13,  14,  and  15  ■ 

of  Reference  17  are  very  comparable  Co  similar  data  for  Individual  aer- 
osol Initiated  laser  sparks.  Also  the  peak  electron  density  measured  In 
their  "laser  Induced  shock  waves"  (~  10^®  cm  ®)  Is  similar  to  that  in- 
dicated by  the  time  Integrated  spectroscopy. 

At  t * 2 ^sec  the  expanding  spherical  waves  began  to  coalesce  and 
form  a cylindrical  column  from  which  a cylindrical  shock  wave  subse- 
quently separated  (Figure  2).  Since  the  COg  laser  power  had  decayed  to 
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zero  by  this  time  it  Is  assumed  that  this  cylindrical  wave  was  a blast 
wave.  At  t * 50  P*sec  the  cylindrical  blast  wave  (M  = 1.3)  was  well  sep- 
arated from  a central  core,  containing  Schlleren  features  similar  to 
those  of  the  turbulent  wake  behind  an  object  in  a supersonic  wind  tunnel. 
(See  for  example,  the  Schlleren  photographs  in  Reference  18).  Inter- 
ferograms  of  Che  core  show  a complex  fringe  pattern  that  does  not  permit 
Che  symmetry  assumptions  usually  made  to  compute  index  of  refraction. 

Thus  our  only  information  so  far  on  this  core  is  that  it  remained  sta- 
tionary from  10  (isec  to  at  least  100  nsec  after  the  firing  of  the  COg 
laser.  It  was  clearly  a region  of  reduced  density  and  increased  temper- 
ature and  was  in  pressure  equilibrium  with  the  atmosphere  around  it. 
InCerferograms  at  t =■  50  M'Sec  show  that  the  density  jump  across  the 
cylindrical  blast  wave  was  consistent  with  that  calculated  for  an  air 
shock^^  at  mach  1.3,  and  indicate  that  the  pressure  around  the  station- 
ary central  core  did  not  appreciably  exceed  atmospheric  pressure,  which 
is  to  be  expected  for  a simple  blast  wave.^® 

An  attempt  was  made  to  observe  the  presence  of  readily  lonlzable 
molecules,  in  particular  0 ions,  in  this  central  core.  This  was  done 
using  absorption  spectroscopy  over  the  range  25OO  A°  to  85OO  A°.  The 
background  light  source  was  a small  xenon  filled  high  pressure  flash 
lamp  with  a time  duration  of  ~ 5 M’Sec.  This  lamp  was  bright  enough  and 
the  collimatlon  good  enough  that  light  emission  from  the  luminous  sparks 
did  not  register  on  the  films  when  absorption  spectra  were  being  record- 
ed. No  absorption  (bands,  lines  or  edges)  was  observed  throughout  this 
region  at  any  time  from  0 to  100  p,8ec  after  peak  CO2  laser  power.  There- 
fore we  believe  the  0 concentration  throughout  this  period  remained 
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below  ~ 10^^  ions/ctn^. 

An  investigation  was  made  into  the  ability  of  these  laser  spark 
chains  to  enhance  streamer  propagation  and  guide  electrical  discharges. 

As  shown  in  Figure  5»  this  was  accomplished  by  focussing  the  CO^  laser 
through  5 cm  diameter  holes  in  each  of  two  parallel,  planar  electrodes, 
producing  a chain  of  laser  sparks  between  them.  A 360  kV  Marx  generator 
pulse  was  then  applied  across  the  electrode  gap  (0.5  meter)  at  varying 
time  intervals  after  the  laser  was  fired.  The  results  were  as  follows: 
With  no  laser  sparks  between  the  electrodes,  the  high  voltage  arced  to 
the  Marx  generator  case,  approximately  2 tisec  after  the  application  of 
the  voltage  pulse.  When  laser  sparks  were  created  between  the  electrodes, 
the  high  voltage  arc  was  guided  to  the  ground  electrode  along  the  path  of 
the  laser,  as  long  as  the  voltage  was  applied  less  than  2 msec  after  the 
laser  pulse.  If  the  high  voltage  was  applied  less  than  one  millisecond 
after  the  CO2  laser  was  fired,  the  streamer  propagation  time  between  the 
electrodes  was  less  than  100  nsec.  In  this  time  the  Marx  generator 
reached  only  a fraction  of  its  full  voltage.  There  was  a qualitative 
difference  between  the  electrical  discharges  that  were  initiated  less 
than  500  microseconds  after  the  CO^  laser  pulse,  and  those  that  were  in- 
itiated a millisecond  after  the  laser  pulse.  In  the  former  case  many 
parallel  individual  discharges  were  propagated,  each  "hopping" more  or  less 
randomly,  from  spark  to  spark  between  the  electrodes.  In  the  latter  case, 
the  individual  sparks  seem  to  have  lost  their  identity  and  the  discharge 
propagated  along  a single  generally  straighter  path  possibly  defined  by 
the  stationary  core  seen  in  the  Schlieren  and  the  interferometric  data. 
III.  Conclusion 

The  hydrodynamic  development  of  breakdown  sparks  produced  by  a 
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focussed  COg  laser  beam  has  been  studied  using  Schlieren  photography,  in- 
terferometry, framing  and  streak  photography,  and  spectroscopy.  These 
"sparks"  have  been  shown  to  be  spherically  expanding  shells  of  air  plasma 
or  in  some  cases  possibly  just  glowing  aerosols.  The  former  are  weakly 
absorbing  laser  supported  shock  waves,  which  grow  until  they  coalesce  to 
form  a cylindrical  channel.  These  waves  are  very  similar  to  the  laser 
supported  waves  seen  by  other  workers  on  single  large  carbon  particles^, 
glass  fibers^,  and  even  solid  targets^^. 

It  has  also  been  demonstrated  that  the  chain  of  breakdown  sparks  is 
capable  of  guiding  electric  discharges  for  periods  up  to  two  milliseconds 
after  the  laser  pulse.  In  these  experiments  the  presence  of  the  chain 
of  laser  sparks  not  only  enhanced  the  streamer  velocity  from  ~ 2 X 10^ 
cm/ sec  (unguided)  to  ^ 5 ^ 10®  cm/sec  (guided),  but  actually  guided  the 
discharge  along  a completely  different  path  from  that  taken  during  un- 
guided breakdown. 

In  future  work,  we  shall  endeavour  to  understand  more  of  the  atomic 
physics  governing  these  aerosol  initiated  laser  produced  air  sparks;  to 
ascertain  the  different  effects  on  electrical  guiding  of  small  hot  aero- 
sol particles  and  laser  produced  air  sparks;  to  understand  the  mechanisms 
limiting  the  time  duration  of  the  guiding  phenomenon;  and  to  extend  the 
guiding  of  electrical  discharges  to  lower  average  field  strengths  (pre- 
sently 7*2  kV/cm) . 
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Fig.  1 — A schematic  diagram  of  the  laser  spark  experiment 
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(d)  t<2/isec 


I cm 


Fig.  2 — Schlieren  photographs  showing  the  development  of  laser 
spark  generated  shock  waves.  Pictures  a-d  are  of  the  same  scale, 
as  are  pictures  e-g.  Time  is  measured  with  respect  to  the  leading 
edge  of  the  CO 2 laser  pulse. 
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Fig.  3 — This  graph  is  the  result  of  measuring  the  radii  of  the  p 

spherical  shock  waves  recorded  on  Schlieren  photographs  taken 

at  different  times  after  the  leading  edge  of  the  CO2  laser  pulse.  | 

The  solid  line,  r = 7000  t '^®,  represents  the  upper  limit  of  the  ; 

radial  expansion  as  a function  of  time.  1 


Fig.  4 — A streak  camera  record  of  the  self  luminosity  of  the 
laser  produced  sparks  in  air.  The  focused  CO^  laser  beam  is  in- 
cident from  the  left  and  strikes  an  aluminum  plate  at  focus  on 
the  right. 
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t = 10, 000 /i  sec 


Fig.  5 — Still-camera  photographs  of  laser  guided  sparks.  The  laser 
is  incident  from  the  left.  The  electrode  spacing  is  0.5  m,  and  the 
high  voltage  electrode  (positive)  is  at  the  right.  The  values  of  t are 
the  intervals  between  the  CO2  laser  pulse  and  the  application  of  the 
high  voltage.  In  the  last  photograph,  the  arc  did  not  follow  the  laser 
spark  chain,  but  jumped  to  the  nearest  ground  point,  which  was  less 
than  40  cm  from  the  high  voltage  electrode.  This  breakdown  path 
can  be  seen  in  the  right  hand  side  of  the  photograph. 
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